We investigate a scenario where the supersymmetric partners of two right-handed neutrinos (sneutrinos) work as mixed inflaton and curvaton, motivated by the fact that the curvaton contribution to scalar perturbations can reduce the tensor-to-scalar ratio r so that chaotic inflation models with a quadratic potential are made consistent with the experimental bound on r. After confirming that the scenario evades the current bounds on r and the scalar perturbation spectral index n s , we make a prediction on the local non-Gaussianity in bispectrum, f NL , and one in trispectrum, τ NL . Remarkably, since the sneutrino decay widths are determined by the neutrino Dirac Yukawa coupling, which can be estimated from the measured active neutrino mass differences in the seesaw model, our scenario has a strong predictive power about local non-Gaussianities, as they heavily depend on the inflaton and curvaton decay rates. Using this fact, we can constrain the sneutrino mass from the experimental bounds on n s , r and f NL .
Planck [5, 6] as well as the one on local non-Gaussianities [20] , for both the normal and inverted hierarchies of active neutrino mass. Prospects for improved constraints on the sneutrino masses and VEVs are also studied.
Previously, Ref. [21] has pursued the possibility of accounting for the Planck data with multiple sneutrinos, with two working as inflatons and one as a curvaton. Our study is different in that we also focus on local non-Gaussianities, which have not been discussed quantitatively in Ref. [21] . Also, we conduct a comparative study for the normal and inverted hierarchies of active neutrino mass, which is not found in that paper. Ref. [22] has considered the scenario of mixed inflaton-curvaton sneutrinos from a different motivation, that is, to mitigate the gravitino overproduction problem in low-scale supersymmetry breaking models. Ref. [23] has dealt with a similar but different scenario, where two sneutrinos act as curvatons and the inflaton is supplied from elsewhere. This paper is organized as follows. In Section 2, we define the model and express the sneutrino widths in terms of the active neutrino mass differences under a natural assumption. In Section 3, we describe the methodology of our analysis using the δN formalism, with which we compute scalar perturbations. We then present the results of our numerical analysis and study their implications. Section 4 summarizes the paper.
Model
We consider an extension of the minimal supersymmetric standard model (MSSM) with three gauge-singlet chiral superfields with R-parity = −1, which we denote by N 1 , N 2 , N 3 . To realize large field inflation in the presence of supergravity effects (i.e., to evade the η problem), we assume a Kähler potential of no-scale supergravity type [24, 25] . On the other hand, the superpotential is assumed to take the same form as in global supersymmetry case, in order not to lose connection between inflationary physics and the seesaw mechanism. The Kähler potential in our model is given by
in the unit where the reduced Planck mass is set as M P = 1. Here, T is a gauge-singlet modulus superfield, Φ M SSM collectively denotes the chiral superfields of the MSSM, and the gauge fields are omitted. The superpotential is given by
where W MSSM is the superpotential of the MSSM,M 1 ,M 2 ,M 3 denote supersymmetric masses for right-handed neutrinos, andh iα represents the neutrino Dirac Yukawa coupling, with i = 1, 2, 3 labeling right-handed neutrinos and α = e, µ, τ being the flavor of lepton doublets. Terms responsible for supersymmetry breaking and non-zero cosmological constant at present are possibly introduced with some modifications of Eq. (2), which we do not discuss in this paper.
We comment that the Kähler potential Eq. (1) possesses the symmetry
ǫ * iÑ i ,Ñ i →Ñ i + ǫ i (ǫ 1 , ǫ 2 , ǫ 3 are small constants),
which is explicitly violated by the superpotential, but not by the gauge interactions sinceÑ i 's are gauge singlets. Thus, the Kähler potential Eq. (1) is natural in the sense that quantum corrections do not change its structure in the limit of vanishing superpotential.
The relevant part of the action reads (summation over i, j = 1, 2, 3 and α = e, µ, τ should be taken)
where V is the scalar potential given by
Here, we have defined
The derivatives of the Kähler potential are obtained from Eq. (1) as
Due to the no-scale structure, the scalar potential reduces to
Now, we assume that the VEV of the Kähler potential Eq. (1) is stabilized at some value as
Also, the following hierarchy of the VEVs is assumed to hold throughout the history of the Universe:
where Eq. (9) is compatible with our sneutrino mixed inflaton-curvaton scenario provided two of the three canonically-normalized sneutrinos always have VEVs below the reduced Planck mass. Given Eqs. (8) and (9), we may ignore kinetic mixings among the sneutrinos and the modulus, and thereby make an approximation with K ij ≃ e c/3 δ ij and define the canonicallynormalized superfields, N i , as
i . In terms of the canonically-normalized fields, the phenomenologically relevant part of the action Eq. (4) is rewritten as
where we have redefined the masses as M i ≡ e c/6M
i , and the Yukawa coupling as h iα ≡ e c/3h
iα . In the action Eq. (10), N 1 , N 2 , N 3 can be interpreted as the superfields of right-handed neutrinos, and M 1 , M 2 , M 3 as their supersymmetric masses, which are equal to right-handed neutrino Majorana masses. We take M 1 , M 2 , M 3 to be real positive by phase redefinition and then relabel them such that M 1 < M 2 < M 3 holds. On the basis of the seesaw mechanism, we relate Yukawa coupling h iα to the active neutrino masses m 1 , m 2 , m 3 and Majorana masses
where v ≃ 246 GeV, U P M N S is the neutrino flavor mixing matrix, and R 3×3 is an arbitrary 3 × 3 rotation matrix with complex angles in Casas-Ibarra parametrizaton [19] . #3 We do not discuss a mechanism for stabilizing the VEV of K, as it is beyond the scope of this phenomenological study. For model building attempts, see, e.g., Refs. [26] [27] [28] Additionally, we identify the radial part of the scalar components of N 1 , N 2 , N 3 , denoted by 
During inflation, one of φ i 's develops a transplanckian VEV of ∼ 10M P and hence we have
10H (H denotes the Hubble rate), which gives that the VEV of any MSSM scalar field attenuates to zero while inflation is taking place. We have thus confirmed that the VEVs of MSSM flat directions are zero at the time of inflaton and curvaton decays. We further assume that the MSSM µ-term is negligible compared to M 1 , M 2 , M 3 . Then, the width of φ i particle, denoted by Γ i , is calculated by neglecting the mass of the final-state particles and is found to be (contraction over i should not be taken)
At this stage, Γ i 's have ambiguity due to arbitrariness of the matrix R 3×3 . In this paper, we introduce an ansatz that the active neutrino mass and the neutrino Dirac Yukawa coupling possess the same hierarchical structure, and we thus take
which gives
This ansatz is natural in that Γ i 's are not altered significantly by deformations of R 3×3 , and even if Eqs. (14) and (15) 
where m lightest is the unknown mass of the lightest active neutrino. In this paper, we assume m 3 Numerical analysis
δN formalism
We employ δN formalism [30] [31] [32] to calculate the scalar perturbations. We take the pivot scale (the scale for which experimental data are reported) as k * /a 0 = 0.05 Mpc −1 , with a 0 being the scale factor at present. The calculation proceeds as follows. Hereafter, we restore the reduced Planck mass M P ≃ 2.435 × 10 18 GeV in the equations.
First, we consider an unperturbed FRW spacetime, where the metric is given by ds 2 = dt 2 − a 2 (t)dx 2 with a(t) being the scale factor, the total energy density is denoted by ρ(t), and the VEV of each sneutrino is denoted by φ i (t) (i = 1, 2, ..., n f ; n f is the number of sneutrinos). The decay products of sneutrinos are relativistic during the period of interest and we denote their energy density by ρ γ (t). When two sneutrinos (i.e., the case with n f = 2) are involved in the inflationary dynamics (the case for a general n f is straightforwardly obtained), the equation of motion for the sneutrinos and the Einstein equation read
where a dot represents the derivative with respect to time. We compute the number of e-folds from t = t * to t = t final , where t * will later be identified with the time when the pivot scale exited the horizon:
Now we consider perturbations. After a coordinate transformation to make the metric
x-indepedent at t = t * , we calculate the local number of e-folds at x and t = t final in the perturbed spacetime, N(t * , t final ; x). Then N(t * , t final ; x) − N(t * , t final ) is equal to the curvature perturbation at x. By choosing the uniform energy density slice, we can derive the curvature perturbation on the uniform energy density slice at t = t final and x, ζ(t final , x), as follows:
If t final is set at a time when all scalar fields have decayed, ζ on superhorizon scales is conserved after t = t final , giving the primordial density perturbations.
Scalar perturbations originate from quantum fluctuations of the scalar fields during inflation. Fluctuations of the scalar fields are expressed as
where φ i (t) follows Eqs. (20)- (24) . We identify t * with the time when the mode for the pivot scale k * leaves the horizon, i.e. the time satisfying k * /a(t * ) = H(t * ). The two point function of the modes with k and k ′ at time t = t * is given by
We evaluate N(t * , t final ; x) by setting t final at a time t decay when all scalar fields have decayed.
Since we have k * /a(t) ≪ H(t) several Hubble times after t * , the spatial derivative of fields ∂φ i (t, x)/∂x is negligible in the computation of N(t * , t decay ; x). Hence, N(t * , t decay ; x) depends only on the VEVs and their time derivative at the initial time, φ i (t * , x) andφ i (t * , x). Moreover, the contributions from the time derivative δφ i,k (t * ) to N(t * , t decay ; x) are suppressed by −Ḣ(t * )/H 2 (t * ) ≪ 1 compared to those from the VEVs φ i,k (t * ). Therefore, N(t * , t decay ; x)
is evaluated by Taylor expanding the unperturbed number of e-folds N (t * , t decay ) with respect to the unperturbed initial VEVs φ i (t * ). Defining φ i * ≡ φ i (t * ) and making the dependence of N on φ i * explicit, we find
Likewise, the local energy density ρ(t, x) is determined by the initial VEVs φ 1 * , φ 2 * , and so is the uniform energy density slice. The power spectrum of the curvature perturbation is defined by
From Eqs. (26), (28) and (29), P ζ (k) at the pivot scale k * is calculated to be
The spectral index of scalar perturbations, n s , is then derived as
and the local-type nonlinearity parameter in bispectrum, f NL , and one in trispectrum, τ NL , are respectively given by (the derivatives are performed with ρ(t decay ) fixed)
Reminding that the tensor power spectrum is simply given by
the tensor-to-scalar ratio, r, is found to be
To confront the prediction with experimental data, we recall that k * satisfies k * /a 0 = 0.05 Mpc −1 . Assuming that no entropy production occurs after t = t decay , the value of H(t * ) is determined from the following relation:
where g S,eff and g S,eff,0 are the effective degrees of freedom for entropy density at t = t decay and at present, respectively, T decay is the temperature of the radiation at t = t decay given by
with g eff being the effective degrees of freedom at t = t decay , and T 0 ≃ 2.7255 K is the CMB temperature at present. We have g S,eff,0 = 43/11 at present, and since the radiation at t = t decay is a thermal bath composed of the MSSM particles, we have g S,eff = g eff = 915/4.
Procedure for numerical analysis
We assume that the lightest sneutrino φ 1 does not contribute to the dynamics of the inflationary expansion of the Universe or the generation of curvature perturbations, which corresponds to the case with φ 1 ≪ φ 2 , φ 3 and M 1 ≪ M 2 , M 3 . We relabel the other sneutrinos as φ ≡ φ 3 , σ ≡ φ 2 , and their masses and widths as
, and further write their VEVs when the pivot scale exited the horizon as φ * ≡ φ(t * ), σ * ≡ σ(t * ). We restrict ourselves to the case with φ * > M P and σ * < M P , which is in accord with the assumption Eq. (9) that has justified our approximation on the second derivative of the Kähler potential K ij ≃ e c/3 δ ij . When φ * > M P , σ * < M P and m φ > m σ , φ always drives an inflationary expansion while σ does not #4 .
Our analysis proceeds as follows: First, we take a set of trial values of the two sneutrino masses m φ , m σ and their VEVs φ * , σ * . The widths Γ φ , Γ σ are then uniquely determined by #4 If σ * > M P , and if the Kähler potential were arranged appropriately, the secondary inflation driven by σ could happen [10, 12, 14, 33] . However, we do not pursue such a possibility here. ). Now that the masses, widths and initial VEVs of the sneutrinos are specified, we numerically solve Eqs. (20)- (24) to obtain φ(t), σ(t). We note that the widths computed field-theoretically in Eq. (19) are equal to the decay rates appearing in the equation of motion Eqs. (20) and (21), as has been studied in Ref. [34] . We set t decay at a time when σ has decayed and the Universe is dominated by radiation #5 .
We assume that the energy density of σ is negligible during the slow-roll of φ. It follows that the evolution of the Universe before the end of slow-roll of φ is totally determined by the dynamics of φ. Thus, the Hubble rate when the scale k * exited the horizon is given by
Also, N(t * , t decay ; φ * , σ * ) is easily computed by dividing it into two parts, one from t = t * to a time before the end of slow-roll of φ, and one after that time until t = t decay . The former part is regulated by the dynamics of φ and is thus a function of φ * only; the latter part involves the full dynamics of φ, σ and radiation from φ and σ decays, but does not depend on φ * because the field configuration is independent of φ * at a time before the end of slow-roll of φ. Therefore, we may write N(t * , t decay ; φ * , σ * ) = N(t * , t φend ; φ * ) + N (t φend , t decay ; σ * ),
with t φend being a time before the end of slow-roll of φ, which, in our analysis, we choose such that φ(t φend ) = √ 2M P holds. Since the dynamics of the inflationary expansion before t = t φend is determined by the φ field with a quadratic potential, the first term on the right-hand side is expressed analytically as
On the other hand, N (t φend , t decay ; σ * ) is calculated numerically through the formula,
with the solution to Eqs. (20)- (24) inserted into H(t). We further perform a numerical calcu-#5 Since we assume m φ > m σ and the decay rates are given by Eqs. (16) and (17), φ always decays earlier than σ. lation on the derivatives of N(t φend , t decay ; σ * ) with a fixed final total energy density,
This is done by evaluating the number of e-folds for a fixed value of the initial VEV and slightly perturbed ones as follows: 
where t ′ decay , t ′′ decay are the times at which the energy density for perturbed VEVs equals that for the unperturbed VEV. Here, ρ(t decay ; σ * ) is numerically obtained from the solution to Eqs. (20)- (24). Then we take the differences to find
Although we numerically compute N σ and N σσ as described above, it is insightful to show the analytical formulas which are derived under the so-called sudden decay approximation [35] :
where r dec is given by
with ρ σ being the energy density of σ. r dec roughly represents the ratio of the energy density of σ to the total one at the time of its decay.
With N σ , the scalar perturbation power spectrum is recast into the following form that allows easy computation: 
r, f NL and τ NL are straightforwardly obtained as
We settle the value of m φ by requiring that the scalar perturbation amplitude calculated in Eq. (48) be consistent with the Planck observation [6] at 1σ level,
Practically, this is achieved by repeating the numerical calculation of N (t φend , t decay ; σ * ), N σ and the final total energy density ρ(t decay ) and solving Eq. (53) for m φ iteratively, until m φ yields the scalar perturbation amplitude within the 1σ range. In every numerical calculation, we determine φ * from the number of e-folds through the following formula:
In this way, we obtain the spectral index n s , tensor-to-scalar ratio r, and local non-Gaussianities f NL and τ NL at the time when the mode k * exited the horizon, for a scalar perturbation amplitude consistent with the observation. Since m φ and φ * are now fixed, the remaining free parameters are m σ and σ * .
Finally, the results are confronted with the bound on (n s , r) reported by BICEP2/Keck Array and Planck in Refs. [5, 6] , and the bound on f NL reported by Planck in Ref. [20] , to constrain (m σ , σ * ).
Results of numerical analysis
In Figure 1 , we present contour plots on the plane of the second heaviest sneutrino mass m σ , and its VEV when the pivot scale exited the horizon σ * . Here, the area with dots represents the parameter region that is consistent, at 2σ level, with the constraint on (n s , r) reported by BICEP2/Keck Array and Planck [5, 6] (no parameter region is consistent at 1σ). The solid and dashed contours respectively indicate 1σ and 2σ upper bounds on the local non-Gaussianity f NL reported by Planck [20] , which reads f NL = 0.8 ± 5.0. Figure 1 : Contour plots on the plane of the second heaviest sneutrino mass m σ , and its VEV when the pivot scale exited the horizon σ * . The left panel is for the normal hierarchy of the active neutrino mass, and the right panel is for the inverted hierarchy. The area with dots represents the parameter region that is consistent, at 2σ level, with the constraint on (n s , r) reported by BICEP2/Keck Array+Planck [5, 6] . The solid and dashed contours respectively represent f NL = 5.8 and 10.8, which correspond to 1σ and 2σ upper bounds on the local non-Gaussianity f NL reported by Planck [20] , which reads f NL = 0.8 ± 5.0.
From Figure 1 , the following observations are made:
• By and large, there are two regions on (m σ , σ * ) plane that satisfy the constraint on (n s , r), which we label as (A) and (B); (A) is where m σ 10 10 GeV and 0.03M P σ * 0.1M P , and (B) is where log m σ and log σ * are linearly correlated and again m σ 10 10 GeV.
In both regions, σ's contribution to scalar perturbations is of the same order as φ's contribution, i.e. N σ M P ∼ φ * /2M P holds in Eq. (48), in which case r is mildly reduced below the BICEP2/Keck Array+Planck bound and at the same time n s is not displaced much from the central value of the BICEP2/Keck Array+Planck data. For example, when
2 P holds, r and n s are estimated as follows: From the numerical calculation, we have found that the term φ 2 * /4M 2 P in Eq. (40) accounts for most of the number of e-folds and thus satisfies φ 2 * /4M 2 P ∼ 60. Therefore, r = 8
which are consistent with the BICEP2/Keck Array+Planck results at 2σ level.
• In region (B), however, large f NL is predicted and thus most of the parameter space is excluded by the Planck data. The origin of large local non-Gaussianity is understood as follows. As the initial VEV σ * decreases, the fraction of σ's contribution to the total energy density when σ decays becomes suppressed, and so does r dec in Eq. (47). Since N σ M P ∼ φ * /2M P holds in region (B) and thus N σ lies in a fixed range, we find from Eqs. (45) and (46) that 6f NL /5 ∼ 3/(8r dec ) holds for r dec ≪ 1. Therefore, large f NL is predicted in the part of region (B) with smaller σ * .
• The allowed region shifts towards left (smaller m σ ) in the inverted hierarchy case compared to the normal hierarchy case. For instance, when σ * = 0.05 M P , the allowed range of the second heaviest sneutrino mass is m σ < 2.0 × 10 10 GeV in the normal hierarchy case, and m σ < 5.6 × 10 9 GeV in the inverted hierarchy case. When σ * = 0.01 M P , the allowed range is 5.0 × 10 8 GeV < m σ < 4.0 × 10 9 GeV in the normal hierarchy case, and 8.9 × 10 7 GeV < m σ < 7.1 × 10 8 GeV in the inverted hierarchy case. This shift is because the width of σ is an essential factor for determining the scalar perturbation power spectrum, and it is proportional to m We make a prediction for local non-Gaussianities f NL and τ NL in the allowed region, which are presented in Figure 2 and Figure 3 , respectively. Since it is expected that future observations such as SKA and Euclid can probe f NL with an accuracy of ∆f NL 1 [37] [38] [39] , we may be able to distinguish region (A) from region (B), because −0.5 f NL −1 is predicted in region on the purple, blue, light blue, green, orange and red contours, respectively. The left panel is for the normal hierarchy of the active neutrino mass, and the right panel is for the inverted hierarchy. The area with dots represents the parameter region that is consistent, at 2σ level, with the constraint on (n s , r) reported by BICEP2/Keck Array+Planck [5, 6] , and the blackfilled area is the parameter region excluded by the Planck bound on f NL [20] at 2σ level. Contours of local non-Gaussianity τ NL on the plane of the second heaviest sneutrino mass m σ , and its VEV when the pivot scale exited the horizon σ * . τ NL = 10, 20, 40, 60, 100, 200 on the purple, blue, light blue, green, orange and red contours, respectively. The left panel is for the normal hierarchy of the active neutrino mass, and the right panel is for the inverted hierarchy. The area with dots represents the parameter region that is consistent, at 2σ level, with the constraint on (n s , r) reported by BICEP2/Keck Array+Planck [5, 6] , and the black-filled area is the parameter region excluded by the Planck bound on f NL [20] at 2σ level.
Finally, we present in Figure 4 a prediction for the largest right-handed neutrino Majorana mass m φ (= M 3 ), which satisfies the constraints from the number of e-folds Eq. (54) and the measurement of scalar perturbation amplitude Eq. (53). We find that in all parameter regions compatible with the BICEP2/Keck Array and Planck data, the value of m φ is restricted to a narrow range of 0.75 × 10
13 GeV m φ 1.25 × 10 13 GeV. This is because N σ M P ∼ φ * /2M P must hold to fulfill the bound on (n s , r), and when this is the case, Eqs. (54) and (53) The area with dots represents the parameter region that is consistent, at 2σ level, with the constraint on (n s , r) reported by BICEP2/Keck Array+Planck [5, 6] , and the black-filled area is the parameter region excluded by the Planck bound on f NL [20] at 2σ level.
We discuss the reheating temperature and its phenomenological implications. The temperature of radiation just after σ decay, which we regard as the reheating temperature, is estimated to be
= 7.9 m σ for the inverted hierarchy.
In the parameter region considered in Figure 1 , the reheating temperature is above 10 6 GeV and therefore the sphaleron process can take place to convert lepton number asymmetry to baryon number asymmetry. We note that the correct amount of lepton number asymmetry for leptogenesis can always be produced in sneutrino decays by tuning the neutrino Majorana phases [1] .
#6 Remind that the temperature corresponding to ρ(t decay ) derived from the solution to Eqs. (20)- (24) 
Quantum corrections to the Kähler potential
We check that quantum corrections to the Kähler potential do not spoil the slow-roll of sneutrino inflaton and curvaton (in this section, we use the unit with M P = 1). Remind that the no-scale Kähler potential Eq. (1) receives quantum corrections through the sneutrino superpotential couplings in Eq. (2) that break the no-scale structure. The logarithmically divergent part of the one-loop corrections from the superpotential has been calculated in Ref. [40] for generic supergravity theory. In our case with the tree-level Kähler potential given by Eq. (1), it reads
where Λ is the cutoff scale, and Φ a , Φ b denote scalar fields in MSSM. Here, summation over i, j is taken for the three right-handed neutrinos, and summation over a, b is for all MSSM scalar fields. |W ij | 2 + 2n − 6 + 2 n e Figure 4 ) in the viable parameter region of our scenario, and we also find Ñ i < e −c/6 15/ √ 2 during inflation. Hence, we infer that the first term of Eq. (60) exerts the dominant impact on inflationary dynamics. With the inclusion of this term in the Kähler potential, the scalar potential Eq. (6) is altered to ( K = c is assumed) V = exp 
Summary
We have investigated a scenario where the supersymmetric partners of two right-handed neutrinos (sneutrinos) work as mixed inflaton and curvaton. We have estimated the widths of the sneutrinos (=inflaton and curvaton) from the measured active neutrino mass differences, under natural assumptions on the lightest neutrino mass and the rotation matrix R 3×3 in Casas-Ibarra parametrization. Through a numerical calculation, we have demonstrated that the tensor-toscalar ratio r can be reduced so that the scenario is made consistent with the BICEP2/Keck Array and Planck data. We have further derived a specific prediction on local non-Gaussianities f NL and τ NL in terms of the second heaviest sneutrino mass m σ and its VEV when the pivot scale exited the horizon σ * , based on the sneutrino widths estimated above. This prediction is compared to the Planck bound on f NL to constrain m σ and σ * . Also, it has been revealed that future measurements of local non-Gaussianities with an accuracy of ∆f NL 1 possibly give strong restrictions on m σ and σ * . Interestingly, the allowed regions in the σ * -m σ plane and the prediction on non-Gaussianities are different for the cases with the normal and inverted hierarchy of the active neutrino mass. In contrast to the strong correlation with neutrino physics, it is not easy to relate our results with collider searches of supersymmetric particles, because the mechanisms for supersymmetry breaking and its mediation to the visible sector are not relevant in our scenario and hence soft supersymmetry breaking masses may take any values.
